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Abstract

Overlooked for decades, antibodies have taken center stage in renal transplantation and are now
widely recognized as the first cause of allograft failure. Diagnosis of antibody-mediated rejection has
considerably improved with identification of antibody-mediated lesions in graft biopsies and advances
made in the detection of circulating donor-specific antibodies. Unfortunately, this progress has not yet
translated into better outcomes for patients. Indeed, in the absence of a drug able to suppress antibody
generation by plasma cells, available therapies can only slow down graft destruction. This review
provides an overview of the current knowledge of antibody-mediated rejection and discusses future
interesting research directions.

The original sin of transplant immunologists
Since the first successful attempt performed in 1954,
kidney transplantation has emerged as the best option
for end-stage renal failure, providing both a better
quality of life and better survival to patients, for a third
of the cost of hemodialysis [1]. However, because in
clinical transplantation the donor is from the same
species but genetically different, the adaptive immune
system of the recipient recognizes alloantigens expressed
by the graft: that is, proteins present in different allelic
forms encoded at the same gene locus in different
individuals, such as major histocompatibility complex
(MHC) molecules. An immune response that develops
against alloantigens leads to the destruction of the
transplanted organ, a process termed “rejection”, which
remains the first cause of renal allograft failure.

The adaptive immune system comprises two distinct
effector mechanisms—cytotoxic T cells and antibodies—
and the question of which of these mechanisms
contribute to graft rejection has been central from the
very beginning of transplant immunology. Gorer [2] was
the first to report the development of antibodies against
alloantigens. In this early era, however, most of the
knowledge pertaining to the immunological mechan-
isms involved in rejection was derived from the skin graft
model popularized by Billingham and Medawar [3]. The
observations made in this model that (i) skin allografts
were not rejected in animals lacking T cells and that
(ii) adoptive transfer of purified T cells, but not
alloantibodies, was sufficient to restore the rejection of
skin allografts in immunodeficient rodents [4] stemmed
from the concept that T cells were “the” cell subset
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responsible for rejection of allogeneic transplants, a
vision that prevailed until the 2000s.

During the last decade, however, experimental and
clinical studies have challenged this “T cell-centric”
vision and brought antibodies back to the center stage
of transplant immunology [5].

Transplantation versus grafting: vessels’ origin
matters
The first evidence that humoral immunity can be
deleterious in the setting of clinical transplantation
came in the early 1970s from seminal clinical observa-
tions that (i) the presence of preformed circulating
donor-specific antibodies (DSAs) was associated with a
high risk for “hyperacute rejection” (that is, immediate
graft failure due to widespread capillary thrombosis and
necrosis [6]) and that (ii) de novo generation of DSAs
after transplantation correlated with poor outcomes and
histologic evidence of vascular obliterative lesions,
named “allograft vasculopathy” [7].

These clinical findings were in apparent contradiction
with the resistance of skin grafts to passive transfer of
alloantibodies [4]. The origin of this discrepancy lies in
the fact that, in contrast with grafted tissue, whose
vascularization develops from the recipient, the vessels of
renal allografts are anastomosed to those of the recipient,
placing donor allogeneic endothelial cells in direct
contact with the recipient‘s circulation. This makes a
crucial difference in the sensitivity of renal transplants to
the humoral arm of the recipient‘s alloimmune response.
Antibodies are indeedmassive proteins (150 kDa) largely
sequestrated in blood circulation [8]. Accordingly, when
Russell and colleagues [9] performed passive transfer of
alloantibodies to immunodeficient mice transplanted
with allogenic hearts in the late 1990s, they observed that
continuing injections of antiserum were sufficient to
drive the development of obstructive coronary lesions.
This first experimental demonstration that humoral
immunity is the prime instigator of allograft vasculo-
pathy [9] has since been confirmed in other models [10]
and in the clinical setting [11].

Pathophysiology of antibody-mediated rejection
Humoral response to allogeneic transplant
Recent experimental studies have shed light on the
natural history of antibody-mediated rejection (AMR)
(Figure 1) [12,13]. The sequence starts with the genera-
tion of antibodies directed against the graft (DSAs).
Although highly polymorphic mismatched HLA mole-
cules represent the most documented targets for DSAs, it
is clear that DSAs can also be directed against other kinds
of molecular targets, including polymorphic minor

histocompatibility antigens [14] and, following a break-
down of B-cell tolerance [15], non-polymorphic auto-
antigens [16]. Although some studies suggest that
“non-HLA” antibodies could participate in the develop-
ment of rejection [17], particularly those expressed on
the endothelial cell surface [18], such as anti-angiotensin
II type-1 receptor antibodies [19,20], their exact patho-
logical potential remains a matter of debate, and
hereafter, we will focus on anti-donor HLA antibodies
(abbreviated DSAs).

The generation of such high-affinity, class-switched
alloantibodies directed against a protein antigen requires
the development of a germinal center reaction, which
implies the expansion of CD4+ T cells with indirect
allospecificity (that is, CD4+ T cells whose T cell receptors
recognize alloantigens processed and presented in the
context of MHC class II molecules expressed by recipient
antigen-presenting cells) (Figure 1) [21].

The initiation of a T cell-dependent humoral immune
response takes place within the recipient‘s canonical
secondary lymphoid organs: spleen and draining lymph
nodes (Figure 1) [22]. However, recent evidence suggests
that, with time, immune effectors infiltrating the graft
sometimes organize into ectopic lymphoid tissue (Figure 1)
[23,24], which harbors the maturation of a local humoral
immune response [25] that can also participate in the
rejection process [26].

Implication of the classical complement pathway in
acute antibody-mediated rejection
Binding of circulating DSAs to directly accessible graft
endothelial cells can trigger the activation of the classical
complement pathway, a central process in the pathophy-
siology of acute AMR (that is, AMR with acute graft
dysfunction). Briefly, C1q binding to DSAs complexed
with antigen activates the serine esterases C1s and C1r,
which allow the cleavage of C4. This results in the
deposition of C4d in tissue and the assembly of the
classical pathway C3 convertase. The latter cleaves C3 into
C3a and C3b. C3a is a potent proinflammatory mediator
that causes leukocyte recruitment, whereas C3b propa-
gates the complement cascade, leading to the formation of
sublytic membrane attack complexes responsible for the
activation of endothelial cells (Figure 1) [27].

Complement is dispensable for chronic/subclinical
antibody-mediated rejection
In contrast with acute AMR, activation of the classical
complement pathway appears to be dispensable for the
development of chronic/subclinical AMR lesions. The first
evidence supporting this concept came from Colvin and
colleagues, who transplanted RAG KO immunodeficient
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mice with allogenic hearts and observed that the passive
transfer of non-complement-fixing DSAs was sufficient to
promote allograft vasculopathy [28]. Innate immune cells
can indeed bind to the fragment crystallizable (Fc) region
of antibodies and release lytic enzymes (a mechanism
called antibody-dependent cell-mediated cytotoxicity, or
ADCC) (Figure 1), which mediate smoldering endothelial
cell damage. The recognition of this pathological mechan-
ism in the clinic led to the recognition of C4d-negative
forms of AMR, often diagnosed on screening biopsy (that
is, subclinical AMR) [29]. Chronic vascular inflammation
in turn promotes the progressive development of typical
vascular lesions (that is, transplant glomerulopathy,
allograft vasculopathy, and lamination of the peritubular

capillary basement membrane). Finally, progressive tissue
destruction leads to irreversible loss of graft function,
proteinuria, and hypertension (that is, chronic AMR).

The question of which type of innate immune effectors
plays the key role in AMR is still a matter of debate.
Hirohashi and colleagues [30] showed that depletion of
natural killer cells was sufficient to abrogate DSA-
induced arterial lesions. The validity of these experi-
mental data in the clinic is supported by transcriptomic
analysis of renal graft biopsies from patients with chronic
AMR [31]. However, it is likely that other cell types,
including neutrophils and monocytes, are also involved
(Figure 1). Recent data from the clinic even suggest that

Figure 1. Schematic representation of antibody-mediated rejection pathophysiology

Mechanisms of action of therapies are indicated. Therapies currently used are in bold red; drugs under evaluation are in dashed orange. AMR, antibody-
mediated rejection; Conv, convertase; IV, intravenous; MAC, membrane attack complex; MHC, major histocompatibility complex; mTOR, mammalian target
of rapamycin; NK, natural killer.
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expanded circulating cytomegalovirus-responsive
gd T cells could participate in allograft lesions mediated
by DSAs through ADCC, offering a new pathophysiolo-
gic link between cytomegalovirus infection and allograft
dysfunction [32].

Finally, some experimental studies demonstrated that
DSAs can directly trigger activating signals in endothelial
cells through MHC molecule cross-linking (Figure 1),
which promotes exocytosis of Weibel-Palade bodies,
activates the coagulation cascade, and increases the
expression of adhesion molecules and growth factors
[33]. This mechanism could also participate in the
development of complement-independent AMR lesions.

One pathophysiology, several clinical courses
If clinical studies have largely validated the sequence of
molecular events established in experimental models of
AMR [34,35], the progression along the successive stages
of the pathology can, however, follow different clinical
courses [36]. For some patients, AMR is made clinically
patent by the occurrence of one or more episodes of graft
dysfunction. In contrast, other kidney graft recipients
with DSAs experience smoldering forms of AMR (that is,
subclinical AMR), characterized by persistent microvas-
cular abnormalities without acute graft dysfunction [29].

The quantity (titer) of circulating DSAs is an obvious factor
influencing the clinical expression of the disease [37,38].
Qualitative factors, linked to antibody structure, are also
important sources of clinical heterogeneity. The immuno-
globulin (Ig)molecule is shaped like a Y,with two identical
halves, each made up of a heavy chain and a light chain.
The two arms of the Y, each formed by the amino terminal
extremity of a heavy chain and a light chain, contain the
antigen-binding site. Higher avidity could explain why
some patients develop clinically patent AMRwith lowDSA
titer. At the base of the Y, composed of the carboxy terminal
extremity of the constant region of the two heavy chains, is
the Fc region.During a T cell-dependent humoral response,
class-switch recombination occurs in the germinal center,
leading to the replacement of the constant region of the Ig
heavy chain. Accordingly, anti-HLA alloantibodies of a
wide range of isotypes (IgG1, G2, G3, G4, Ig A1, A2, IgM)
can be eluted from explanted renal allografts [39]. Through
their Fc portion, each heavy-chain isotype displays a
different capability to bind C1q (and therefore to trigger
the classical complement pathway) and to recruit immune
effectors through their Fc receptors. Interestingly, it has
been reported that patients with exclusively weak comple-
ment-activating DSAs (that is, IgG1 and IgG4) tend to
experience less acute AMR and better outcome [40-42].
Another possible source of heterogeneity comes from the
carbohydrate chains that are attached to Fc [43]. Age,

gender, and disease status are all factors influencing Ig Fc
glycosylation [43]. In the case of IgG, terminal sugars affect
the binding to the FcgRIIIa receptor and thereby influence
ADCC, whereas terminal galactose residues affect antibody
binding to C1q and thereby modulate IgG complement-
dependent activity [44].

Challenges in antibody-mediated rejection
diagnosis
The recognition of subclinical forms of the disease
implies that, upon detection of circulating DSAs, a renal
biopsy should be performed, even in the absence of
clinically patent graft dysfunction (that is, “screening
biopsies”) [45]. In 2005, the Banff Conference on
Allograft Pathology defined criteria for diagnosing
AMR [46], which include the three following cardinal
features: (a) presence of circulating DSAs, (b) morpho-
logic evidence of antibody-mediated tissue injury
(glomerular or peritubullar capillaries inflammation
score > 0), and (c) positive staining for C4d in
peritubular capillaries (used as a surrogate marker for
local classical complement pathway activation) [47].
Since then, however, the value of C4d for the diagnosis
of AMR has been questioned. Although there is little
doubt that complement activation is important for
DSAs to trigger clinically patent “acute” AMR [48], a
high percentage of graft biopsies with morphologic
evidence of antibody-mediated tissue injury are C4d-
negative [49]. This notion has been strengthened by
transcriptomic analyses, which demonstrate a similar
increased level of expression for endothelial genes in
C4d-negative and C4d-positive AMR biopsies [50].
Finally, the direct demonstration that DSAs can trigger
chronic arterial lesions in murine experimental models
without complement participation [28] led to the
recognition of C4d-negative AMR in the most recent
Banff classification [51].

(R)evolution in anti-HLA antibody monitoring
In line with the growing clinical interest in AMR, tools
available for DSA detection have considerably improved
over the last few decades [52]. Historically, the first test to
detect circulating DSAs was the complement-dependent
cytotoxicity (CDC) assay performed between recipient
sera and donor lymphocytes.

In the early 1980s, flow cytometry cross-match (FCXM)
emerged as an alternative to CDC assays [53]. Although
the FCXM was 10- to 100-fold more sensitive to detect
DSAs, it rapidly appeared that T cell or (especially) B-cell
FCXM (or both) lacked specificity because of (i) auto-
antibodies binding to donor lymphocytes and (ii) binding
of Ig to lymphocyte Fc receptors (independently of their
antigen specificity). These limitations explained the
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discrepancies among centers in outcomes of patients with
positive FCXM and led to confusion regarding the clinical
utility of the FCXM.

The revolutionary development in DSA screening was the
introduction of solid-phase membrane-independent
assays. The enzyme-linked immunosorbent assay was
the first assay to use purified HLA proteins [54] and was
soon followed by flow cytometric and multiplex assays.
All of these approaches coupled purified HLA antigens to
inert plastic or latex. Currently, genetic engineering is
being used to produce microparticles coated with single
HLA alleles, offering the possibility not only to detect
circulating DSAs with exquisite sensitivity but also to
readily identify their specificities [55].

Solid-phase antibody detection assays are not devoid of
limitations [56]. Technical issues include the following:
(i) the different nature (natural versus recombinant) of
antigens on screening and specificity products; (ii) the
definition of the threshold level (mean fluorescent
intensity, or MFI) to consider an antibody as being
“present”; (iii) the conformation of HLA antigens (intact
or denatured) upon adherence to the beads; (iv) the
density of antigen on the beads; and (v) interfering
factors that mask the detection of DSAs (sometimes
named the “prozone phenomenon”) [57].

Although the solid-phase antibody detection assays have
permitted the detection of DSAs not detectable by CDC
assay, the clinical significance of these antibodies is
incompletely understood. Recent studies have indeed
shown that not all DSAs identified by solid-phase
antibody detection assays predict a poor outcome [58],
underlying the need for tools allowing better stratifica-
tion of the risk.

Risk stratification in antibody-mediated rejection
Some approaches to stratifying the risk of graft loss in
AMR rely on graft biopsy. Bachelet and colleagues [59]
have shown, for instance, that the presence of DSAs
bound to the graft (as assessed by solid-phase antibody
detection assays on eluate from needle core graft
biopsies) was predictive of unfavorable short-term
transplant outcome. Coupling analysis of histological
features with transcriptomic profiling of graft biopsy
with the “molecular microscope” system seems to be
another interesting way to improve risk stratification in
AMR [60].

As discussed above, complement activation is not
necessary for DSAs to drive vascular lesions. However,
because the combination of complement-dependent
and -independent mechanisms is synergistically

deleterious for the graft, complement activation is a good
candidate for risk stratification inAMR.C4d staining in renal
capillaries showed poor performance in predicting
AMRoutcome in several independent studies [49,50,61,62].

Recently, several manufacturers have modified their
solid-phase antibody detection assays to directly assess
the capacity of circulating DSAs to bind the complement
components of the classical pathway (that is, C1q [63],
C4d [64], or C3d [62]). A recent study has demonstrated
the value of these assays in predicting allograft loss in
AMR [62]. However, the direct correlation observed
between DSA titer (MFI value measured with classic
solid-phase antibody detection assays) and DSA ability
to trigger complement activation (which was predicted
by basic molecular immunology [65]) questions the
clinical utility of these tests. One possibility could be to
spare them for AMR patients with low DSA titer, for
which a C3d-binding assay has shown promise in
predicting graft loss [62].

Therapeutic challenges
It is widely accepted that a significant proportion of what
were once called “cortico-resistant rejections” were, in
fact, AMR. Although anti-thymocyte globulin (ATG),
which contains activity against numerous cell surface
proteins, can induce complement-independent apopto-
sis of naive, activated B cells, and plasma cells [66], ATG
alone is ineffective in AMR.

Historically, the first attempt to reduce DSAs’ deleterious
effects on graft endothelium relied on the use of high-
dose intravenous immunoglobulin (IVIg), a therapy with
incompletely understood mechanisms, which could
accelerate DSA catabolism, act as scavenger of activated
complement, and down-modulate the activation of
innate immune effectors [67].

Although IVIg remains an essential component of AMR
treatment, several studies have shown that better out-
comes were achieved when it was combined with a rapid
depletion of circulating DSAs (with plasmapheresis [68]
or immunoadsorption [69]). As expected from its
mechanism of action, this costly and tedious therapeutic
approach is not curative (DSA-producing plasma cells
are not affected) and therefore has only a suspensive
effect on antibody-mediated graft destruction [70]. In
short, it is realistic to consider that, in most cases, IVIg
and plasmapheresis will (at best) turn an acute form of
AMR into a subclinical disease.

In an attempt to provide a sustained therapeutic effect,
anti-CD20 monoclonal depleting antibody (rituximab),
a widely established treatment of B cell lymphoma, has
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been tested in AMR. Although the rationale of this
approach can be questioned (since CD20 is not
expressed on plasma cells), several small retrospective
series reported promising results [71,72] and a recent
meta-analysis of 10 of these studies concluded that
rituximab was a reasonable therapeutic option in the
treatment of AMR. The first controlled trial, published in
2009 [68], indeed concluded that a plasmapheresis/IVIg/
anti-CD20 regimen was associated with better graft
outcome in comparison with IVIg alone. However, the
benefit reported could be due to either DSA removal or B
cell depletion. In fact, the only multicenter randomized
study—Impact of Treatment With Rituximab on the
Progression of Humoral Acute Rejection After Renal
Transplantation (RITUX-ERAH) (ClinicalTrials.gov Iden-
tifier: NCT01350882 http://clinicaltrials.gov/ct2/show/
NCT01350882)—performed to investigate the effect of
rituximab on AMR, found no difference at 12 months on
graft loss, epidermal growth factor receptor (eGFR),
proteinuria, and glomerulitis score between placebo and
rituximab groups [73]. Therefore, the benefits reported in
small retrospective series should be carefully considered
since methodological and positive publication bias seems
likely. Furthermore, the use of rituximab in this context
may be associated with a higher risk of infection [74,75].

We have already seen above that intragraft complement
activation was associated with worse outcomes in AMR.
Thus, blocking complement cascade seems to be an
attractive therapeutic option, especially for patients with
DSAs able to bind complement components in solid-
phase assays [62]. Experimentally, C1 blockade pre-
vented acute AMR of kidney allografts in allosensitized
baboons [76]. Although C1 inhibition has not been
tested in clinical AMR yet, a C1 inhibitor for treatment of
patients with hereditary angioedema is already available
[77]. Eculizumab is a humanized monoclonal antibody
that targets complement protein C5 initially developed
to treat paroxysmal nocturnal hemoglobinuria [78].
Eculizumab appears to be effective in protecting renal
allografts from post-transplant recurrence of atypical
hemolytic uremic syndrome [79]. Only a few case reports
with short follow-ups are currently available in the
literature regarding eculizumab efficiency in AMR [80].
Although eculizumab in prophylaxis appears to be
effective at preventing acute AMR in sensitized patients
[81], it is unclear whether eculizumab contributes to the
development of accommodation and therefore how long
treatment should continue (a particularly important
issue given the expense of the drug). Another important
limitation of complement blockades is the fact that these
approaches are unlikely to prevent the development of
chronic antibody-mediated lesions, which also result
from complement-independent mechanisms.

In fact, only the disappearance of DSAs from the
recipient‘s circulation could stop graft destruction in
AMR (and achieve efficient desensitization). In the
absence of therapy able to deplete selectively DSA-
producing plasma cells, bortezomib—a selective inhibi-
tor of the 26S proteasome widely used for the treatment
of multiple myeloma—has been proposed. Bortezomib
induces apoptosis among plasma cells in whole bone
marrow cell cultures, thereby reducing the secretion of
alloantibodies (but also vaccinal antibodies) in vitro [82].
Clinical experience with this drug in the context of AMR is
still limited [83], but, based on these promising prelimin-
ary results, prospective studies have been launched to
evaluate bortezomib efficiency and tolerance profile in this
indication (ClinicalTrials.gov Identifier: NCT02201576
http://clinicaltrials.gov/ct2/show/NCT02201576, Clinical-
Trials.gov Identifier: NCT01873157 http://clinicaltrials.
gov/ct2/show/NCT01873157).

In the absence of efficient curative treatment for AMR,
emphasis should be placed on “primary” prevention of
de novo DSAs. This objective requires (i) avoiding futile
transfusions in candidates for transplantation, (ii) max-
imizing HLA compatibility between donor and recipient,
(iii) improving adherence to immunosuppressive treat-
ments [5], and (iv) optimizing maintenance of immu-
nosuppression. Particular attention should be paid to
this issue when immunosuppression is reduced [70].
In this regard, strategies aiming at suppressing anti-
calcineurin appear to be particularly at risk of de novo
DSA generation [84,85].

Conclusions
In the shadows since the early era of transplantation,
DSAs have recently been recognized as the first cause of
allograft failure. Although important advances have been
made in AMR diagnosis in this last decade, a curative
therapy is still lacking. Since current therapeutic strate-
gies can only slow down antibody-mediated destruction
of the graft, special emphasis should be placed on the
prevention of DSA generation. Finally, it should be kept
in mind that B cells are much more than plasma cell
precursors. B cells are endowed with important antibody-
independent functions, including immunoregulation
[86] and antigen presentation to T cells [87], which are
increasingly recognized as key in the balance between
rejection/tolerance of solid organ transplants.
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